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In this letter we show that for observables which involve the measurement of weak charge in
final states in hadronic collisions, the standard parton model picture breaks down at scales well
above the weak scale due to non-factorizable electroweak corrections at leading order in the power
expansion. This implies that the resummation of these factorization-violating logarithms, which
start at order α2s α
2
W log
4(Q2/M2W ), cannot be accomplished solely by following standard DGLAP
evolution equations; other techniques will be needed to systematically sum large logarithms.
I. INTRODUCTION
It is a remarkable fact that one can make a predic-
tion, within a systematic expansion, for a class of scatter-
ing cross sections between hadrons undergoing hard col-
lisions. The proton represents a strongly coupled system
composed of highly virtual entangled constituents, and
yet when probed at short distances all of these compli-
cations can be neatly packaged, for sufficiently inclusive
observables, into a parton distribution function (PDF),
fi/P (ξ, µ), which depends upon the light-cone momen-
tum fraction ξ carried by the parton and renormalization
(or factorization) scale µ.
These PDFs determine the probability to find a par-
ton of type i within the proton with a given momentum
fraction ξ. Many hadronic cross sections can then be
predicted in terms of a convolution of these PDFs with
a quark-level scattering cross section. For instance, the
Drell-Yan (DY) cross section can be written as a factor-
ized convolution [1, 2],
σHH′ =
∑
ij
fi/H(µ)⊗ fj/H′(µ)⊗ σi+j→l+l−+X(µ) , (1)
where σi+j→l+l−+X is the inclusive cross section for the
partonic reaction, in which partons i and j produce a
lepton pair and a hadronic state X, while fi/H and fj/H′
are the PDFs (for partons of type i and j, respectively)
for the incoming anti-collinear hadrons. This result is
valid to leading order in an expansion in ΛQCD/Q, where
ΛQCD ∼ 1 GeV is the QCD scale and Q is the scale of the
hard scattering. The long distance physics is contained
in fi/H and fj/H′ and is in general incalculable analyti-
cally, due to the confining nature of QCD. We have made
the renormalization group (RG) scale (µ) dependence in
this formula explicit because it reminds us that for our
predictions to be accurate (systematic in any perturba-
tive expansion) we must sum logs of the ratio of scales in
the theory (in this case log(Q2/Λ2QCD)). To resum these
logs one solves the renormalization group equation (in
this context called the DGLAP equation [3]) so that each
function in the convolutions sits at their “natural scale,”
that is, σ(Q) and fi/H(ξ,ΛQCD). This RG component
of the parton model can be ruined when the factorized
form (1) is violated, as we now discuss.
II. GLAUBERS AND FACTORIZATION
VIOLATION IN QCD
Equation (1) is what is known as a factorization the-
orem and can be elegantly described within the confines
of effective field theory (EFT), namely by soft-collinear
effective theory (SCET), where one splits the fields into a
set of modes, each with its own unique momentum region
[4]. In the EFT, the stress energy tensor of the leading
order action can be written as a sum over the relevant
modes.
TµνEFT = T
µν
n + T
µν
n¯ + T
µν
s . (2)
Here n(n¯) stands for “(anti-)collinear” modes with light-
cone momenta scaling as kµn ∼ (1, λ2, λ), kµn¯ ∼ (λ2, 1, λ),
respectively, while “soft” modes scale as kµs ∼ (λ, λ, λ).
λ is the power counting parameter, defined as ΛIR/Q,
where ΛIR is the relevant low scale in the theory, which
depends upon the observable. As previously noted, for
DY, ΛIR ∼ ΛQCD, as long as the masses (m) of all the
particles in the loops are order ΛQCD. The hard scat-
tering of top or bottom quarks is treated by introducing
the notion of the top/bottom quark content of the pro-
ton, that is, introducing PDFs for these massive quarks.
Because mt,b  ΛQCD the massive quark content of the
proton is produced in perturbation theory via the split-
ting of collinear partons, which is only sensible at RG
scales well above the mass of the quark. Note that al-
though these PDFs are produced in perturbation theory,
their effects become order one when αs log(Q
2/m2) ∼ 1.
For scales above m, the quarks are taken to be massless,
and the relevant infrared (IR) scale becomes m so that
λ ∼ m/Q. This change in the power counting will be
relevant once we discuss electroweak corrections.
This splitting of degrees of freedom in the EFT leads
to a tensor product Hilbert space
|ψ〉 =|ψ〉n⊗ | ψ〉n¯⊗ | ψ〉s , (3)
which facilitates factorization proofs of Ref. [5]. The
PDFs, f , are matrix elements of (anti-)collinear oper-
ators, so it is manifest that the various modes are com-
pletely detached as necessitated by Eq. (2). The only
interactions between various modes are in the hard scat-
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2tering kernel σ, where perturbation theory is valid due
to asymptotic freedom.
A natural question one should ask about Eq. (1) is why
don’t interactions between spectator particles (i.e. the
infinite complement to the active parton, which undergs
the hard scattering, within the proton) play a role in de-
termining the cross section? One would think that as
long as soft gluons can be exchanged between spectator
and active partons, or between spectators from each pro-
ton (as shown in Fig. 1) the factorized form (1) should
be violated. Indeed, a simple one-loop calculation of the
cross section shows that in fact such (“Glauber gluon”)
contributions do exist at leading power in Λ/Q. Yet,
the result in Eq. (1) describes the data remarkably well,
a fact which seems to negate the existence of such soft
exchanges.
The reason Eq. (1) properly describes DY is that in
this process the Glauber contributions will cancel pro-
vided one freely integrates over the difference between
the transverse momenta of the near-forward final state
jets as proven in Ref. [2]1. In SCET, the inclusion of
Glauber gluons in hard scattering processes was intro-
duced in [7]. This work introduced an operator formalism
that can be used to treat Glaubers systematically in the
power expansion, and rederived the aforementioned, suf-
ficient condition for factorization violation, but did not
prove the sufficient conditions (as done in [2]) for Glauber
cancellation.
When determining whether or not the Glaubers con-
tribute to a given observable we must be sure that their
effects are not already being accounted for in the canon-
ical result (1)2. That is, Eq. (1) contains a set of Wil-
son lines in the PDF, which account for some fraction
of the long distance physics and we must not be fooled
by (unphysical) Feynman diagrams into thinking that the
Glaubers are not already contained in these Wilson lines.
In SCET, it has been shown [7] that the Glauber ex-
change between active and spectator quarks can be ab-
sorbed into the aforementioned Wilson lines, and thus are
benign. However, it was also shown that the same cannot
be said for Glaubers exchanged between spectators. As
mentioned above, for sufficiently inclusive observables,
these Glauber gluons cancel in the final cross section.
This cancellation occurs order by order, diagram by dia-
gram, after the sum over all cuts of a diagram [2]. If we
consider the pure Glauber exchange between spectators
(as in Fig. 1), to all orders, then the Drell-Yan ampli-
tude is, in impact parameter (b) space, proportional to a
phase [7]
M ∼
∫
d2b⊥e−i∆p⊥·b⊥E(b⊥, q⊥)eiφ(b⊥) , (4)
1 Recently a proof of the cancellation of Glaubers in double parton
scattering was given in [6].
2 Here we are following the EFT methodology. In [2] the modes
are not separated in terms of different fields.
FIG. 1: Glauber exchange between collinear and anti-collinear
spectators, which poses a threat to factorization. The G may
include an arbitrary number of Glauber exchanges with box-
like topology. The double line represents the interpolating
field for the hadron.
with ∆p⊥ = (p2⊥ − p1⊥)/2 and q⊥ = −(p1⊥ + p2⊥)/2.
The phase,
φ(b⊥) = −TA1 ⊗TA2 g2(µ)
Γ(−)
4pi
(
µ|~b⊥|eγE
2
)2
, (5)
is a matrix in color space with TA1 and T
A
2 being the color
matrix generators that commute with each other, and
act on particle 1 and 2, respectively. The Γ(−) infrared
divergence is akin to the usual Coulomb phase. It is
noted that the phase in the squared amplitude vanishes
only, as previously noted, if we perform the integral over
∆p⊥ over the full range of integration.
An example of an observable where the Glaubers are
not expected to cancel is beam thrust, where one weights
the final state transverse momentum distribution [8], and
we should not expect to (and cannot) fit the data using
the canonical formalism that leads to (1). We will use the
term “Kinematics Factorization Violation” (KFV) when
factorization is violated by restricting the kinematics, to
differentiate this scenario from the new one, which will
be introduced below.
III. ELECTROWEAK GLAUBERS
Suppose we wish to calculate electroweak (EW) correc-
tions to the DY process. While atQ below the weak scale,
EW contributions are suppressed by powers of Λ2IR/M
2
W ,
for Q > MW they become relevant especially given the
fact that electroweak corrections generate double logs of
the form αW log
2(Q2/M2W ), as discussed further below.
Thus, there has been considerable effort [9] to resum EW
corrections for LHC and future collider predictions. The
question arises as to whether or not we should expect
that, by including PDFs for all (massive) standard model
particles, the parton model paradigm will still hold. That
is, can we calculate EW contributions using Eq. (1) for
arbitrarily large Q?
When addressing this question we begin by noting that
the weak gauge group is not in the confining phase3. The
3 The lack of clear distinction between Higgs/Coulomb and con-
fining phase is of no relevance here.
3significance of this distinction lies in the fact that we
observe final state EW charge. Indeed, DY in this sense is
an exclusive observable since we measure leptons, which
are now “active partons” in the final state. Furthermore,
protons are charged in the weak sector and, as such, even
completely inclusive quantities will be sensitive to the
gauge-boson mass as the KLN theorem is violated [10],
and as a consequence the cross sections will include the
aforementioned (Sudakov) double logarithms.
To study electroweak Glauber effects, we will continue
with our canonical example of Drell-Yan. Above the weak
scale, we allow for PDFs for all of the Standard Model
particles, and the relevant IR scale becomes MW as in
the case of massive quarks discussed above. In addition,
we must generalize our factorization theorem (1) to ac-
count for the fact that the proton is not an electroweak
singlet, which again enhances the sensitivity to the IR
via the introduction of Sudakov double logarithms of the
masses. As a result, the factorization theorem changes
in two important ways. Firstly, the electroweak charge
of the proton implies that the bilinear operators which
compose the PDF need no longer be a color singlet.
Recall the QCD PDF that takes on the general form
f
(QCD)
i/P (ξ)=〈p |
∫
dy−eiξp
+y−O†i (y
−)ΓW [y−, 0]Oi(0) |p〉 ,
(6)
where O is any (QCD) parton field and W is the afore-
mentioned Wilson line, which renders the bilinear gauge
invariant, and Γ is a spin tensor. The generalization of
this form to the full standard model gauge group must
allow for bilinears that are not SU(2) singlets. For in-
stance, in addition to singlet PDFs we allow for a triplet
of the form
f
(SM)a
i/P (ξ) = 〈p |
∫
dy−eiξp
+y−O˜†i (y
−)W˜ [y−,∞]
× Γ τa W˜ †[∞, 0]O˜i(0)| p〉 ,
(7)
where W˜ are electroweak Wilson lines and the QCD Wil-
son line has been suppressed. Furthermore, the operators
get modified such that
O˜ = SO , (8)
where S is a Wilson line composed of soft gauge fields,
which cancel in the case of singlet operators4. The exis-
tence of the soft Wilson lines changes the way the loga-
rithms are resummed in that the EW sector now contains
rapidity logarithms [12]. In addition, since in DY we
identify the leptons in the final state, and we are inter-
ested in resumming electroweak logs, we must account
for final state cascades. The measurement of the final
4 This cancellation occurs as a consequence of the need to multi-
pole expand the soft fields [11] so that the Wilson lines cancel as
a consequence of unitarity S†S = 1.
state isospin implies that we must include fragmentation
functions Fi/j in the convolution of Eq. (1), which give
the probability of finding a given parton type j in the
jet created by a mother parton of type i. As in the case
of the PDF, these fragmentation functions must also be
generalized to allow for non-singlet operators [13, 14].
While we have had to modify Eq. (1), generalizing the
factorization theorem to the standard model, the notion
of a PDF in the context of the parton model of hadrons
persists, in that the collinear partons in the two sectors
are decoupled, as long as we can still prove that the
Glauber contributions cancel. In the next section, we
will detail an example where they do not.
IV. ELECTROWEAK FACTORIZATION
VIOLATION
The measurement of final state isospin charge imper-
ils the Glauber cancellation by its exclusive nature. We
have seen that the QCD Glauber exchanges cancel upon
summing over cuts. However, given that we are mea-
suring the charge of the final state, it is clear that the
cancellation can become ineffective since some diagrams
will not contribute for fixed-charge final states. Another
complication arises, e.g. in DY, as the final states are
now active and we must consider a new set Glauber ex-
changes, i.e. those between spectators and active final
states. The fate of such exchanges depends upon the
charge of the electroweak current generating the final
state lepton pair. If the current is a singlet then the sum
over all possible Glauber insertions, as shown in Fig. 2,
vanishes. Naively, one would think that a cancellation
would only be effective if the Glauber was interacting
with two collinear lines in a color singlet. However, ex-
plicit calculation shows that Glauber integral is not sen-
sitive to the collinear directions of the partons. This has
to be the case given that the Glaubers can be absorbed
into the Wilson lines. For a non-singlet current, as might
be expected, this cancellation no longer occurs.
However, for non-singlet currents as well, we can show
that such final state active/spectator Glauber exchanges
can be absorbed into collinear (EW) Wilson lines, which
now accompany the current. To see this, we note that
the Wilson lines are in fact generated by summing over
collinear interactions between the spectators and the final
state leptons as shown in Fig. 3. These Wilson lines
FIG. 2: Glauber exchange between spectators and active
collinear partons in the final state. For a singlet current, the
sum over Glauber graphs vanishes.
4FIG. 3: Absorption of Glauber exchanges into collinear (EW)
Wilson lines. A Wilson line for a particular collinear sector
(here W˜n) is built out of emissions from all the other well-
separated collinear sectors.
FIG. 4: Leading factorization violating diagrams involving
EW Glauber exchanges. The usual cancellation between these
two graphs is blocked due to the difference in isospin charges.
thus contain all of the Glauber contributions leaving the
factorization theorem unscathed5.
The generalization to the EW gauge group ds not
change the fact that spectator-spectator Glauber ex-
change persists. However, if we are measuring final state
charge of the spectators, the cancellation is obstructed.
For instance, suppose we are measuring top quark pro-
duction in the forward direction. Then, as shown in
Fig. 4, the cancellation between the two diagrams is
blocked by the difference in the isospin charges which
weight the diagrams. This type of “Flavor Factorization
Violation” (FFV) is distinct from KFV, and will arise for
any observable where a particle ID is made unless a cut
is made enforcing large p⊥  MW . The contribution of
these factorization violating diagrams is given by
ImM4a ∼ Pqg(x)Pqg(y)
∫
d2p⊥d2p¯⊥
dl2⊥
l2⊥ +M
2
W
dl′2⊥
l′2⊥ +M
2
W
× (~p⊥ −
~l⊥) · (~p⊥ −~l′⊥)
(~p⊥ −~l⊥)2 +m2t
(~¯p⊥ +~l⊥) · (~¯p⊥ +~l′⊥)
(~¯p⊥ +~l⊥)2 +m2t
× 1
(~¯p⊥ +~l′⊥)2 +m
2
t
1
(~p⊥ −~l′⊥)2 +m2t
δ(xy −Q2/sˆ) , (9)
where Pqg is the quark-gluon splitting function and x, y
are the momentum fractions of the incoming gluons.
Performing the loop integrals we find
ImM4a ∼ α2sα2 log4(M2W /Q2) , (10)
where we have set the RG scale µ to the scale of hard scat-
tering and mq ∼MW . Note that these logarithms cannot
5 When the Glaubers are absorbed in this way, it fixes the direction
of the Wilson line, i.e. whether it stretches to ±∞ [7].
be resummed by the canonical running of the PDF, as ex-
pected, since the Glaubers talk between the two proton
jets.
For the case when all the hard interaction currents have
no weak charge (e.g. P + P → jets), again assuming we
measure some weak charge in the final state, we expect
a cancellation between diagrams with the topology of 4a
and 4b, which will kill the leading quartic logarithmic
terms. There will mass dependent terms at leading order
in the power expansion [16] since mt ∼MW that lead to
asymptotic logs of the form
α2sα
2
(
M2t /M
2
W
)
log(M2W /Q
2). (11)
All the logarithms obtained here via the electroweak
glauber exchange are not associated with the BFKL [17]
logarithms usually associated with near-forward scatter-
ing (rapidity logs). Rather these are renormalization
group logarithms that are resummed by augumenting the
space of four parton operators [18]. There will be BFKL
running as well, that will be subleading to (10).
V. CONCLUSIONS
We have shown that the parton model picture, where a
systematic calculation of a hard scattering cross section
follows from a factorization theorem involving PDFs, no
longer holds when trying to sum EW corrections. In the
EW case, a new mechanism for factorization violation
arises when final state isospin is measured for states with
(y & 1, p⊥ & 100 GeV ), as the requisite cancellation is
obstructed due to the dearth of allowed cuts.
This violation, while numerically small at the weak
scale, will become logarithmically enhanced for Q 
MW , and will become relevant for a myriad of in-
teresting observables, including multi-Higgs production.
Moreover, the factorization-violating logarithms are not
summed by the BFKL equations nor by the DGLAP
equation, but will need to be treated within a new for-
malism that will be presented elsewhere [18]. Further-
more, we see that for certain processes, like forward top
quark production, novel operators beyond the usual PDF
framework are required. From a field theoretic stand-
point this implies that, as we push the energy frontier
beyond the weak scale, various other theoretical tech-
niques, beyond the now-textbook DLGAP material, will
need to be harnessed/developed, at least for a class of
relevant observables.
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